Environmental triggers of dilated cardiomyopathy are poorly understood. Acute exposure to acrolein, a ubiquitous aldehyde pollutant, impairs cardiac function and cardioprotective responses in mice. Here, we tested the hypothesis that chronic oral exposure to acrolein induces inflammation and cardiomyopathy. C57BL/6 mice were gavage-fed acrolein (1 mg/kg) or water (vehicle) daily for 48 days. The dose was chosen based on estimates of human daily unsaturated aldehyde consumption. Compared with vehicle-fed mice, acrolein-fed mice exhibited significant (P Ͻ 0.05) left ventricular (LV) dilatation (LV end-diastolic volume 36 Ϯ 8 vs. 17 Ϯ 5 l), contractile dysfunction (dP/dtmax 4,697 Ϯ 1,498 vs. 7,016 Ϯ 1,757 mmHg/s), and impaired relaxation (tau 15.4 Ϯ 4.3 vs. 10.4 Ϯ 2.2 ms). Histological and biochemical evaluation revealed myocardial oxidative stress (membrane-localized protein-4-hydroxy-trans-2-nonenal adducts) and nitrative stress (increased protein-nitrotyrosine) and varying degrees of plasma and myocardial protein-acrolein adduct formation indicative of physical translocation of ingested acrolein to the heart. Acrolein also induced myocyte hypertrophy (ϳ2.2-fold increased myocyte area, P Ͻ 0.05), increased apoptosis (ϳ7.5-fold), and disrupted endothelial nitric oxide synthase in the heart. DNA binding studies, immunohistochemistry, and PCR revealed significant (P Ͻ 0.05) activation of nuclear factor-B in acrolein-exposed hearts, along with upregulated gene expression of proinflammatory cytokines tumor necrosis factor-␣ and interleukin-1␤. Long-term oral exposure to acrolein, at an amount within the range of human unsaturated aldehyde intake, induces a phenotype of dilated cardiomyopathy in the mouse.
IDIOPATHIC DILATED CARDIOMYOPATHY (DCM) is the underlying diagnosis in approximately one-third of cases of heart failure (HF) (15) . While often attributed to remote infectious, metabolic, or toxic injury to the heart, in most circumstances the etiological factors responsible for DCM are difficult to identify. Epidemiological studies have established that pollution exposure is associated with increased mortality from several cardiovascular diseases, including HF (3, 5, 28) . The biological mechanisms proposed to explain these adverse effects have included pollutant-induced alterations in autonomic tone, the elaboration of proinflammatory and prooxidant mediators, and the physical translocation of soluble constituents of pollutants into the circulation that have direct effects on the heart and vasculature. Theoretically, all of these broad mechanisms can unfavorably impact pathogenetic alterations and/or modifiers of DCM and HF (16) . Nonetheless, little is known about the potential environmental triggers of DCM and the specific effects induced by individual constituents of the pollutant mix.
Aldehydes are ubiquitous pollutants in air and water generated by burning fossil fuels (10) . They are also readily found in food and are natural products of lipid peroxidation and glucose oxidation (10) . More than 300 different aldehydes have been identified in various foods, and at least 36 are present in water, often at levels exceeding maximal recommended concentrations (2, 10) . Unsaturated aldehydes are highly reactive; form adducts with cell thiols and amine groups in sugars, phospholipids, proteins, and DNA bases (9, 25) ; and provoke oxidative stress and proinflammatory responses in tissue (30, 38) . Nonetheless, the in vivo cardiovascular effects of exposure to aldehyde pollutants are not well defined.
Because toxicological profiles of environmental aldehyde mixtures are difficult to determine, we have previously focused on the cardiac effects of acrolein, a prototypical reactive ␣,␤-unsaturated aldehyde classified by the Environmental Protection Agency (EPA) as a high-priority air and water toxic (7) . These studies demonstrated that acute exposure to acrolein at concentrations documented in human disease, or doses approximating human oral total aldehyde intake, impaired cardiac function and intrinsic cardioprotective responses in mice (19, 42) . However, the cardiac effects of long-term acrolein exposure, an issue with greater implications for public health, remain unknown. Notably, the abundance of acrolein and other aldehydes derived endogenously from lipid peroxidation (and their protein-aldehyde adducts) are known to be elevated in the failing heart (14, 33, 40, 41 ). In the current study, we evaluated whether long-term oral exposure to acrolein would engender inflammation, oxidant stress, and cardiomyopathy.
METHODS
Eight-week-old male C57BL/6 mice weighing ϳ20 g were used. All animal studies were performed in compliance with the National Institutes of Health (NIH) Guide for the Care Acrolein dosage and administration. Acrolein was prepared daily from the acid hydrolysis of diethyl acetal acrolein as previously described (19, 42) and used within 4 h. In our previous study, we estimated the maximal human daily unsaturated aldehyde consumption to be 5 mg·kg Ϫ1 ·day Ϫ1 and maximal acrolein exposure to be 0.1-0.2 mg·kg Ϫ1 ·day Ϫ1 (42) . Based on these estimates, and with the intent of using acrolein as a representative unsaturated aldehyde, we tested the chronic effects of 1 mg·kg Ϫ1 ·day Ϫ1 acrolein, representing a 5-to 10-fold greater dose than the expected human acrolein intake but only 20% of the expected overall unsaturated aldehyde intake. Animals were gavage-fed acrolein (in 200 l water, n ϭ 15) or the same volume of water (vehicle, n ϭ 18) daily for 48 days.
Echocardiography. M-mode, two-dimensional, and Doppler echocardiography in mice were performed under tribromoethanol sedation (0.25 mg/g ip) using a Philips Sonos 5500 machine and 15-MHz linear array transducer as previously described (14, 41) . The two echocardiographers performing the study were blinded as to the assigned experimental group of each mouse. Measured parameters included end-diastolic (ED) and end-systolic (ES) diameter (D), end-diastolic anterior and posterior wall thickness (AWT and PWT, respectively), and the ejection time (ET) and heart rate as determined from the aortic Doppler trace. Left ventricular (LV) systolic function was indexed by the fractional shortening [FS ϭ (EDD Ϫ ESD)/EDD] and the mean velocity of circumferential fiber shortening (V cf ϭ FS/ET) (34, 35) . LV hypertrophy and/or wall thinning was assessed by the relative wall thickness [RWT ϭ (AWT ϩ PWT)/LVEDD]. Echocardiographic imaging was performed at baseline and after 48 days of acrolein feeding.
LV pressure-volume studies. Closed-chest LV pressure-volume (P-V) studies were performed in adult C57/BL6 mice (n ϭ 8/group) anesthetized with 80 g/g ip pentobarbital and mechanically ventilated (155-160 breaths/min, tidal volume 15 l/g) as previously described (19) . Body temperature was maintained at 37°C using a heating pad and lamps. A Millar 1.4-Fr conductance catheter (SPR-839) was inserted in the LV via the carotid artery, and pressure and conductance signals were visualized on-line using the ARIA-1 system (Millar). A small (Ͻ1-cm) abdominal incision was made to gain access to the subdiaphragmatic inferior vena cava (IVC). After hemodynamic stabilization for 15 min, recordings of pressure and conductance were performed under steady-state conditions and during transient mechanical IVC occlusion [to vary load and allow determination of the end-systolic pressure-volume relation (ESPVR)]. Intravenous hypertonic saline (0.5-1 l/g) was then given to determine parallel conductance, and LV volume (l) was derived from the parallel conductance and ex vivo cuvette calibration with heparinized, warm blood. LV systolic function was indexed by dP/dtmax, stroke work (area bounded by the P-V loop), maximal power (peak value of the product of LV pressure and flow), and end-systolic elastance (Ees, the slope of the ESPVR) (19, 41) . LV diastolic function was assessed by the LVEDP, dP/dtmin, and tau, the time constant of LV relaxation (ms) (19, 33, 41) .
Immunohistological studies. Formalin-fixed, paraffin-embedded short-axis LV sections (5 m) were deparaffinized and rehydrated for histological and immunohistochemical staining using standard techniques as previously described (14, 34, 41) . Hematoxylin and eosinstained sections were used to evaluate cardiomyocyte cross-sectional area. In separate studies, immunostaining was performed for the activated p65 subunit of nuclear factor (NF)-B using anti-p65 antibody (Chemicon) as described previously (31) . Nuclear staining intensity was quantified with a MetaMorph 4.5 imaging system and software (Universal Imaging). Digital images were acquired from six fields at standard intervals in each of five short-axis sections from each group. The threshold for p65 staining was predetermined and held constant for all sections analyzed.
Immunohistochemical staining for protein-nitrotyrosine was performed to index peroxynitrite generation in the heart. Deparaffinized and rehydrated tissue sections were incubated for 20 min with 10 mmol/l citric acid (pH 6.0) and then treated with enzymatic antigen retrieval to recover antigenicity. Nonspecific binding was blocked with 5% normal goat serum and 0.05% saponin (Sigma) in PBS (pH 7.4) for 30 min, followed by incubation with monoclonal anti-nitrotyrosine antibody (1:200; Santa Cruz Biotechnology) in PBS with 1% BSA and 0.05% saponin for 1 h at 37°C. Tissue sections were then incubated for 30 min at room temperature with Alexa fluor-555 anti-mouse IgG (1:500) secondary antibody (Invitrogen), which labeled nitrotyrosinated protein residues red, and counterstained with 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen), which labels nuclei blue. Images were made with a ϫ40 objective lens at 12 different locations in each tissue section. Mean fluorescence intensity was evaluated using MetaMorph software in 12 images/heart. Sections treated with peroxynitrite (1 mmol/l) were used as positive controls.
Western blotting. Total protein extraction, SDS-PAGE Western blotting, and immunodetection using electrochemiluminescence protocols (Amersham Biosciences) were performed as previously described (19) . IgG-purified polyclonal 1:2,000 anti-KLH-acrolein primary antibody and horseradish peroxidase-linked secondary antibody were used to evaluate protein-acrolein adducts (19) . Protein adducts with 4-hydroxy-trans-2-nonenal (HNE) in the membrane fraction (isolated using differential centrifugation) were probed using both dot blots and Western blotting. Polyclonal anti-KLH-HNE primary antibody was used as previously described (34) . For dot blots, protein (1.0 g) was loaded in the wells of a Bio-Dot apparatus (Bio-Rad) and microfiltered through nitrocellulose membranes under vacuum. Primary antibodies for the detection of endothelial nitric oxide (NO) synthase (eNOS), phosphoeNOS-Ser 1177 , inhibitor of B␣ (IB␣), and ␣-tubulin were obtained from Santa Cruz Biotechnology.
For immunoblot analysis of the monomeric and dimeric forms of eNOS, equal amounts of total protein lysates were subjected to low-temperature SDS-PAGE (LT-PAGE) (43) . Briefly, the gel running buffer, 6% SDS-containing polyacrylamide gels, and the gel assembly were equilibrated to 4°C before running the samples. The samples were mixed with SDS containing gel-loading buffer and were not heated. The temperature of the gels was maintained below 10°C during electrophoresis by immersing the gel tanks in ice. Following LT-PAGE, the gels were transferred, and the blots were probed with anti-eNOS antibody and the corresponding secondary antibody. The intensity of the immunoreactive bands was quantified by ImageQuant TL software.
Electrophoretic mobility shift assay. NF-B DNA binding activity was quantified by electrophoretic mobility shift assay (EMSA). Nuclear protein extraction from frozen myocardium, the EMSA protocol, autoradiography, and densitometry were all performed as previously described (14) . 32 P-labeled consensus double-stranded oligonucleotides (sense, 5=-AGTTGAGGGGACTTTCCCAGGC-3=) containing the NF-B binding site were used as probes. Specificity of NF-B DNA binding activity was confirmed in competition studies using cold consensus or mutant oligonucleotides.
Real-time PCR and mRNA quantitation. Total RNA isolation from LV tissue, cDNA synthesis, and quantitative real-time PCR were performed as previously described (14) . mRNA transcripts for atrial natriuretic factor (ANF), tumor necrosis factor-␣ (TNF-␣), and interleukin (IL)-1␤ were determined and normalized to glyceraldehyde-3-phosphate dehydrogenase expression using primer pairs previously described (14) .
Apoptosis quantitation. Myocardial apoptosis was assessed by using the DeadEnd Fluorometric terminal deoxytransferase-mediated dUTP nick-end labeling (TUNEL) assay kit from Promega, which catalytically incorporates fluorescein-12-dUTP at the 3=-ends of fragmented DNA in apoptotic cells using recombinant terminal deoxynucleotidyl transferase (rTdT). Deparaffinized and rehydrated tissue sections were treated with Proteinase K (20 g/ml) for 15 min at 37°C and then fixed with 4% methanol-free formaldehyde solution in PBS.
All subsequent steps were performed following the manufacturer's instructions. All sections were counterstained with DAPI to label nuclei. Cardiomyocytes were identified by staining with anti-troponin I antibody (Santa Cruz Biotechnology) followed by Alexa Fluor 555-conjugated secondary antibody (Invitrogen). TUNEL-positive nuclei (cyan staining) were visualized directly by confocal microscopy (Zeiss LSM510) with nuclear staining confirmed by z-axis sections. Images were taken with a ϫ63 objective lens at six different locations in each tissue section, and nine sections per heart were evaluated to determine the overall apoptotic rate (total 54 fields/heart). DNase (10 U/ml)-treated sections were used as positive controls. Sections without rTdT treatment were considered as negative controls.
Statistical analysis. Continuous variables are presented as means Ϯ SD. Two-group comparisons were performed using an unpaired t-test. A P value Ͻ0.05 was considered significant.
RESULTS

Chronic acrolein consumption induces LV remodeling and dysfunction.
Mice gavage-fed acrolein at 1 mg·kg Ϫ1 ·day Ϫ1 for 48 days displayed no overt abnormalities or distress and no significant mortality. Body weight was similar between vehicle-fed and acrolein-fed animals after 48 days (control 26.1 Ϯ 2.3 g; acrolein 26.0 Ϯ 2.0 g). Baseline echocardiographic variables (before the start of feeding) were similar between the two groups. M-mode echocardiographic images obtained after the 48-day feeding period are shown in Fig. 1A . The acroleinexposed mouse exhibited increased LV size and decreased FS compared with control. Group echocardiographic data (Table 1) indicate that acrolein exposure induced LV dilatation (increased EDD and ESD), LV systolic dysfunction (reduced FS and V cf ), and wall thinning (decreased RWT) consistent with a phenotype of DCM. While these changes were not severe (generally between ϳ8 and 20% change), they were highly consistent and statistically significant. To evaluate LV function more precisely, P-V analysis was performed. Figure   1B shows representative P-V loops from control and acroleinexposed mice during IVC occlusion, together with the corresponding ESPVRs. Consistent with the echocardiographic results, acrolein exposure induced LV dilatation with increased end-diastolic volume and end-systolic volume and depressed LV systolic function as indicated by the smaller E es . Group data ( Table 2 ) demonstrated consistent LV enlargement and more profound reductions in systolic function with diminished dP/dt max , maximal power, E es , and stroke work. Also evident was impairment of LV relaxation with decreased dP/dt min and increased tau. Hence, chronic acrolein exposure induced pathological remodeling and LV dysfunction.
Chronic acrolein exposure generates myocardial oxidative stress and protein-acrolein adducts. ␣,␤-Unsaturated aldehydes are products of lipid-peroxidation and as such are sensitive markers of oxidative stress (8, 37, 40) . Moreover, reac- Values are means Ϯ SD; n, no. of mice. HR, heart rate; LV, left ventricular; EDD, end-diastolic diameter; ESD, end-systolic diameter; FS, fractional shortening; ET, ejection time; Vcf., velocity of circumferential fiber shortening; AWT and PWT, anterior and posterior wall thickness at end-diastole, espectively; RWT, relative wall thickness. *Statistical significance.
tive aldehydes can induce cellular toxicity by adducting with cysteine, histidine, and lysine residues on proteins (9, 37). To index oxidative stress in the hearts of control and acroleinexposed mice, we measured protein-HNE adducts. The abundance of protein-HNE adducts in total heart homogenates did not change in acrolein-exposed mice (data not shown). However, examination of the membrane fraction of the cardiac homogenates revealed robust augmentation of protein-HNE adducts as assessed by dot blot and Western blotting ( Fig. 2A) , indicating membrane-localized oxidative stress. We next determined whether acrolein-exposed mice exhibited greater formation of acrolein-protein adducts in serum and heart tissue. Hearts harvested from mice chronically fed acrolein did not exhibit appreciable increases in the abundance of proteinacrolein adducts over control (data not shown). Because these results were not striking, we further examined the abundance of plasma and myocardial acrolein adducts 1 and 24 h after a single oral dose. Plasma protein-acrolein adducts (ϳ150 kDa) increased markedly at both time points with the highest levels seen at 1 h (Fig. 2B) , suggesting that ingested acrolein reaches the blood. Myocardial protein-acrolein adducts, involving proteins of varying molecular weight, were more modestly increased at 1 h but returned to baseline by 24 h (Fig. 2C) , approximating the adduct levels observed in the hearts from chronically fed mice. These results suggest that, following oral exposure, sufficient acrolein translocates via the circulation to the heart to modify proteins. However, these adducts accumulate transiently and are then metabolically removed or degraded. Presumably, adduct formation is less pronounced after chronic exposure because of the metabolic disposition of extant tissue adducts.
Chronic acrolein exposure disrupts myocardial eNOS function and induces nitrative stress. We next examined whether acrolein disrupts eNOS function and promotes nitrative stress in the heart. As shown in Fig. 3A , a single oral dose of acrolein (5 mg/kg) profoundly suppressed eNOS phosphorylation at Ser 1177 , an indicator of eNOS activation (4), without affecting overall eNOS abundance in the heart. In contrast, chronic exposure to acrolein significantly diminished eNOS dimers and increased relative levels of eNOS monomers (Fig. 3B) , suggestive of eNOS uncoupling (36) . Uncoupling of eNOS would be expected to promote the generation of reactive oxygen species (ROS) and peroxynitrite (36, 39) . Indeed, hearts from mice chronically fed acrolein exhibited significantly greater staining for protein nitrotyrosine, an index of peroxynitrite generation (Fig. 3C) . These results indicate that chronic acrolein exposure disrupted and uncoupled eNOS and induced nitrative stress in the heart.
Chronic acrolein exposure induces myocyte hypertrophy and apoptosis. As shown in Fig. 4A , histological evaluation of acrolein-exposed hearts revealed myocyte hypertrophy, with a twofold increase in myocyte cross-sectional area compared with control hearts. There was no substantial difference in interstitial fibrosis (data not shown). Gene expression of the hypertrophic marker ANF was similarly augmented over twofold in acrolein-exposed hearts compared with control (Fig.  4B) . Despite these observations, gravimetric analysis of the LV and whole heart did not reveal differences in LV or whole heart weight (normalized to body wt) between the groups. This suggested that the increase in myocyte size was offset by myocyte loss. Indeed, as shown in Fig. 5 , we observed a greater frequency of TUNEL-positive nuclei in the hearts of acroleinexposed mice; these were primarily in cardiomyocytes. Quantitation of the apoptotic rate revealed a more than sixfold increase in TUNEL-positive nuclei compared with control. Hence, chronic oral acrolein exposure induced prohypertrophic and proapoptotic effects in the heart.
Chronic acrolein exposure promotes myocardial inflammation. Reactive aldehydes are known to promote inflammation (30, 38) , which is a hallmark of chronic HF (14, 22) . NF-B is a central transcriptional regulator of proinflammatory mediators such as TNF-␣ and IL-1␤. To evaluate NF-B activation, we performed EMSA using pooled cardiac tissue from animals with either acute (24 h after single dose of 1 mg/kg) or chronic oral acrolein exposure, along with appropriate controls. As seen in Fig. 6A , heart tissue from chronically exposed (but not acutely exposed) mice demonstrated robust activation of NF-B. Figure 6B depicts activated NF-B p65 subunit immunostaining and quantitation of nuclear immunoreactivity from control and acrolein-exposed hearts. Consistent with the DNA binding studies, the hearts from acrolein-exposed mice exhibited a robust (ϳ5-fold) increase in the nuclear localization of p65. Additionally, protein levels of IB␣ (which binds cytoplasmic NF-B thereby preventing its nuclear translocation) were decreased in hearts from acrolein-exposed mice (Fig. 6C) . Moreover, in parallel with NF-B activation, hearts from acrolein-exposed mice also exhibited significant (ϳ2-fold) upregulation of TNF-␣ and IL-1␤ mRNA expression compared with controls (Fig. 6D) , which is indicative of sustained inflammation.
DISCUSSION
In this study, we demonstrate for the first time that oral exposure to acrolein, a prototypical ␣,␤-unsaturated aldehyde pollutant, at concentrations within the estimated range of human total unsaturated aldehyde exposure, induces a phenotype of DCM in the mouse. Specifically, 48 days of acrolein exposure induced: 1) LV dilatation, wall thinning, impairment of LV relaxation, and depressed contractility; 2) chronic membrane-localized oxidative stress associated with varying degrees of systemic and myocardial protein-acrolein adduct for- Values are means Ϯ SD; n, no. of mice. EDV, end-diastolic volume; ESV, end-systolic volume; PSP, peak systolic pressure; EDP, end-diastolic pressure; SW, stroke work; dP/dtmax and dP/dtmin, maximal and minimal rate of change in LV pressure, respectively; Ees, end-systolic elastance; tau, time constant of LV relaxation. *Statistical significance. mation; 3) diminished levels and uncoupling of eNOS with associated myocardial nitrative stress; 4) myocyte hypertrophy and apoptosis without fibrosis; and 5) myocardial inflammation with activation of NF-B and upregulation of TNF-␣ and IL-1␤. The features of oxidant stress, hypertrophy, apoptosis, and inflammation are pathological hallmarks of the failing heart. Taken together, the results suggest that analogous environmental exposure to acrolein in humans can contribute to the development of DCM and/or exacerbate pathological remodeling in humans with preexisting disease. Our results further suggest the possibility that acrolein (and potentially other unsaturated aldehydes) can serve as a dietary xenobiotic mediator and/or modulator of cardiomyopathy.
Epidemiological data indicate that pollution exposure increases cardiovascular morbidity and mortality (3, 5, 28) , with the most robust associations related to ischemic heart disease, dysrhythmias, HF, and cardiac arrest (28) . A recent study of elderly survivors of acute myocardial infarction revealed that air pollution exposure increased both the risk of mortality and the risk for new-onset HF within four to five years (44) . Because the development of new-onset HF following infarction is related to the progression of underlying LV remodeling over time (16) , this suggests that exposure to one or a variety of constituent pollutants can exacerbate underlying structural remodeling. One proposed mechanism of pollution-related cardiovascular risk is the physical translocation of soluble pollutant constituents into the heart and vasculature via the circulation (5). However, little is known about the specific pathophysiological responses to individual constituents of source mixtures of environmental pollutants.
Acrolein is a ubiquitous aldehyde pollutant of considerable importance to public health (7) . High levels of acrolein have been detected in several foods (ranging from 10 to 600 g/kg), cigarette smoke (10 -140 g/cigarette), water samples, heated oils, automobile exhaust, coal, and industrial waste (10, 11, 42) . Volatile aldehydes such as acrolein are important constituents of the vapor phase of urban air pollution and diesel exhaust and are considered hazardous air pollutants by the EPA (7, 29) . Given the large number of environmental sources of acrolein and its potential for long-term toxicity, we sought to determine the effects of chronic acrolein exposure on the heart. In this study, we chose to examine the effects of ingested (as opposed to inhaled) acrolein because, in humans, even in smokers, the highest level of acrolein exposure is through food Fig. 3 . Acrolein increases myocardial nitrative stress. A: WB and quantitation for phospho (P)-endothelial nitric oxide synthase (eNOS)-Ser 1177 and total eNOS performed on total cardiac homogenates from mice 24 h after a single oral dose of acrolein (5 mg/kg) or vehicle (n ϭ 5/group). Hela, Hela cell lysate. B: WB and densitometry for eNOS dimer and monomer performed on cardiac homogenates derived from mice chronically fed acrolein or water for 48 days (n ϭ 4 -5/group). C: immunofluorescent stains for protein-nitrotyrosine (NT, red) with 4=,6-diamidino-2-phenylindole (DAPI) costain for nuclei (blue) in hearts harvested from acrolein-fed and control-fed mice as in B, along with fluorescence quantitation (control, n ϭ 3; acrolein, n ϭ 5). Peroxynitrite-treated sections were used as a positive control. *P Ͻ 0.05 vs. control.
substances (42) . Nevertheless, our findings that acrolein translocates to plasma and heart tissue following exposure (evidenced by the formation of adducts) and induces chronic changes in cardiac gene expression suggest the possibility that analogous exposure to acrolein in ambient air may, via physical transport in blood, produce similar responses. This is consistent with the high cardiovascular toxicity associated with the aldehyde-containing components of air pollution, diesel exhaust, and cigarette smoke (3, 18) .
We have previously estimated the maximal human acrolein exposure from food and water to be 0.1 mg·kg Ϫ1 ·day Ϫ1 (with an additional 0.1 mg·kg Ϫ1 ·day Ϫ1 from cigarette smoking) and the maximal human unsaturated aldehyde consumption to be 5 mg·kg Ϫ1 ·day Ϫ1 (42) . In the current study, we evaluated the chronic effects of 1 mg·kg Ϫ1 ·day Ϫ1 acrolein, a dose fivefold lower than in our acute studies (42) , representing a level 5-to 10-fold greater than maximal human acrolein consumption but only ϳ20% of total estimated unsaturated aldehyde intake. We chose this intermediate dose given that the sensitivity to acrolein varies among experimental animals; compared with rabbits (LD 50 7 mg/kg), mice are relatively less sensitive (LD 50 40 mg/kg acrolein) (10) . Human sensitivity to acrolein, however, has not been assessed. Whether different acrolein dosing regimens (e.g., lower but more frequent doses) would influence the results differently should be explored in future investigations.
Our results establish that environmental exposure to acrolein, via the oral route, induces a state of inflammation and oxidant stress in the heart, along with LV systolic dysfunction, myocyte hypertrophy, and apoptosis, all consistent with xenobiotic-mediated DCM. These effects are consistent with the known prooxidant and proinflammatory effects of ␣,␤-unsaturated aldehydes, which have been shown to activate inflammatory genes and signaling (including NF-B) (27, 30, 38) and promote monocyte adhesion to endothelial cells (13) . Similarly, in our study, acrolein-exposed hearts exhibited NF-B activation, proinflammatory cytokine (TNF-␣, IL-1␤) gene expression, and oxidative and nitrative stress. Furthermore, in our prior study (19) , we have shown that oxidative stress is required for acrolein-induced contractile dysfunction, since such effects were prevented by the antioxidant N-acetylcysteine. These findings are of significance, since chronic inflammation and oxidant stress are hallmarks of HF and considered to be important mediators of pathological LV remodeling (12, 16, 22) . Plasma TNF-␣ is an independent predictor of patient mortality in HF (6) , and, in experimental models, TNF-␣ induces many aspects of HF, including contractile depression, hypertrophy, apoptosis, matrix metalloproteinase activation, and oxidative stress (14, 22) . Similarly, systemic oxidant stress in human HF correlates with the degree of ventricular dysfunction (21) . Signaling related to ROS has been strongly implicated in the induction of pathological cardiac hypertrophy, and ROS can also mediate apoptosis, alter calcium channels and calcium flux, and reduce myofilament calcium sensitivity (12, 20, 32) . Moreover, in vivo treatment with ROS scavengers improves pathological LV remodeling (17) .
The stimulus for inflammatory cytokines and oxidative stress in HF is generally thought to reflect a response to injury, hemodynamic abnormalities, neurohormonal activation, and alterations in tissue perfusion. Our data suggest that environmental triggers may also contribute to this process and thereby exacerbate the course and progression of HF, and that those with preexisting LV dysfunction may be especially sensitive to environmental acrolein exposure. Interestingly, epidemiologi- Fig. 4 . Chronic acrolein exposure induces myocyte hypertrophy. A: representative histomicrographs of heart tissue from control and acrolein-fed mice demonstrating myocytes in cross section and corresponding quantitation of myocyte cross-sectional area. Also shown is the expression of the atrial natriuretic factor (ANF) gene in the heart by quantitative real-time PCR (B) and tissue gravimetric data (C) from the same experimental groups. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, not significant. *P Ͻ 0.05 vs. control.
cal studies have established that human subjects with HF are more vulnerable to the adverse cardiovascular effects of pollution exposure (5) . Moreover, similar to our results obtained with acrolein exposure, environmental carbon monoxide also induces pathological remodeling in hearts of normal rats (1), supporting the idea that pollutant exposure could also lead to adverse changes in the heart in the absence of underlying cardiomyopathy.
One underlying mechanism for acrolein-mediated cardiac remodeling may be related to the induced abnormalities in eNOS function. Alterations in eNOS coupling and NO synthesis can contribute substantially to pathological cardiac remodeling (24, 36, 39) . When electron transfer from its reductase to oxidase domains is normally coupled, eNOS is generally cardioprotective and antihypertrophic (39) . However, during pathological hypertrophy and HF, both eNOS downregulation and uncoupling can occur, thereby augmenting superoxide generation, diminishing NO bioavailability, and increasing peroxynitrite formation (12, 24, 36, 39) . In our study, acute acrolein exposure suppressed eNOS activation, whereas chronic acrolein exposure decreased overall eNOS abundance and reduced the eNOS dimer-to-monomer ratio, consistent with eNOS uncoupling. The biological relevance of these changes was demonstrated by the approximately twofold increase in protein-nitrotyrosine levels in the heart, indicative of increased peroxynitrite generation. Hence, disruption of eNOS function may be in part responsible for increased free radicals and oxidant stress induced by acrolein.
The observed cardiomyopathic phenotype may have resulted from both direct and indirect effects of acrolein. We have demonstrated that oral acrolein exposure induces protein-acrolein adducts in both plasma and myocardium with adduct abundance decreasing in a time-dependent manner following exposure. This suggests that consumed acrolein physically circulates to remote sites such as the heart to directly disrupt protein function, thereby secondarily inducing cardiac injury and inflammation. In our previous studies, we demonstrated that acrolein primarily modifies sarcomeric, cytoskeletal, and mitochondrial proteins in the context of acute exposure (19, 42) . The time dependence of adduct levels in the current study suggests ongoing metabolic disposition and turnover of protein-acrolein adducts both systemically and in the heart. This is consistent with prior studies that have demonstrated lability of aldehyde-adducted proteins and degradation by the proteasome and lysosomes in minutes to hours (23, 26) . Long-term exposure and/or reduced metabolic capacity for aldehyde detoxification may therefore enhance the adverse effects of acrolein. In this regard, we have previously shown that aldose reductase, the main aldehyde-reducing enzyme in the heart, is significantly downregulated in HF (33) . Hence, the cardiotoxic effects of environmental acrolein may be heightened in subjects with preexisting HF.
In summary, we have shown that long-term environmental exposure to acrolein, at an amount within the range of human unsaturated aldehyde intake, induces DCM in the mouse. Primary features included the induction of myocardial inflam- Myocytes were stained with anti-troponin I (red), and nuclei were stained with DAPI (blue). TUNEL-positive nuclei appear greencyan on the overlaid images from the acroleinexposed heart as shown in the magnified (zoom) image. Arrows denote a TUNELpositive nucleus. Scale bar: standard magnification 20 m; zoomed magnification 5 m. n ϭ 5/group. mation and oxidative/nitrative stress, which may represent responses to the formation of detrimental acrolein-protein adducts in the heart, together with myocyte hypertrophy and apoptosis. These results suggest that human exposure to acrolein can have analogous deleterious effects, especially in those with preexisting structural heart disease and/or reduced capacity for aldehyde detoxification. Moreover, our findings raise consideration of an underrecognized environmental basis for Fig. 6 . Chronic acrolein exposure induces inflammation in the heart. A: EMSA to determine nuclear factor (NF)-B DNA binding activity of pooled myocardial nuclear protein extracts from control and acrolein-fed mice. Acute control and acrolein-fed mice were given a single dose of 1 mg/kg vehicle or acrolein, and tissue was harvested at 24 h. Chronic control and acrolein-fed mice were administered daily vehicle or acrolein (1 mg/kg) for 48 days, and tissue was harvested 24 h after the final dose. NF-B DNA binding is indicated by the arrowhead. The circle indicates unbound oligonucleotide probe. B: representative immunohistochemical stains for the activated p65 subunit of NF-B in hearts from control mice and mice chronically fed acrolein, together with quantitation of staining intensity by image analysis. Note the nuclear localization of p65 in the acrolein-exposed mouse heart. C: WB and densitometry for inhibitor of B␣ (IB␣) in hearts from control mice and mice chronically fed acrolein as in A. D: myocardial gene expression of tumor necrosis factor (TNF) and interleukin (IL)-1␤ by real-time PCR in the same hearts as in B. *P Ͻ 0.05 vs. control.
